Abstract: Nitrogen (N) is the most important macronutrient in plant production. For N application, legislation requirements have raised, and the purchasing costs have increased. Modern sensors can help farmers to save costs, to apply the right quantity, and to reduce their impact on the environment. Two spectrometers and one fluorescence sensor have been used on a vehicle sensor platform for N detection in wheat (Triticum aestivum L.) field trials over three years. The research fields were divided into plots, and the N input ranged from 60 to 180 kg N ha −1 in six levels. The OSAVI (optimized soil-adjusted vegetation index) showed a similar value pattern to the NDVI (normalized difference vegetation index) and the CropSpec index for the investigated factors. was the most convenient sensor with a simple measurement method and a non-proprietary file output. The implementation into existing agricultural vehicle networks is still necessary, being able to use it on a farm for online N recommendations.
Introduction
Nitrogen (N) application in agricultural crops improves the crop yield (quantity) and increases the protein content (quality). Therefore, it is used in huge quantities as fertilizer all around the world [1] . If the chemical compound N is not available to the plants (e.g., through denitrification, or if the crop cannot metabolize all the available N in the form of nitrate, NO 3 , or ammonium, NH + 4 ), N leaching can cause vast environmental pollution [2] .
Governmental restrictions and documentation duties, along with a stronger public awareness of environmental safety, led farmers to plan their fertilizer applications more carefully. Increasing prices for fertilizers over the last years pressured today's farmers even more to reduce farm inputs and save costs in agricultural applications.
Sensors using the principles of reflectance or fluorescence measurements are very useful tools to provide support in this area. Sensors enable site-specific fertilizer treatments in dedicated management zones or variable N rates over a whole field. A steady crop development over the whole field and a homogeneous grain quality (protein content) are the main aims of their usage.
Sensor analysis-especially reflectance measurements with spectrometers-have been used in precision farming (PF) applications for decades [3] , as more than 90% of the spectral information about the crop canopy status are contained in the red and near-infrared (NIR) spectral bands (e.g., [4, 5] ). A nitrogen limitation in plants results in higher reflections in the red spectral region, as a consequence of lower chlorophyll content in the plant cells [6] . Non-destructive methods have been developed to quickly determine the nutrition status in a field [7, 8] . Narrow spectral bands from 1 to 10 nanometers (nm) enable the gathering of detailed information of the wavelength bands-an advantage of modern spectral sensors with high wavelength accuracy. Thomas and Gausman [9] showed that in the spectral band region from 400 to 700 nm, it is mainly chlorophyll and carotenoids that are absorbing the incident radiation. Spectral vegetation indices, calculated based on combinations of NIR and red spectral reflectance, showed good correlations with canopy parameters related to chlorophyll and biomass occurrence. The band regions of strong chlorophyll absorption (670 nm) and leaf reflection (780 nm) indicate a positive correlation to leaf area index (LAI) and chlorophyll content (e.g., [10, 11] ). Rasmussen et al. [12] concluded that chlorophyll is the most important independent factor affecting leaf reflectance.
A further interesting technology is the sensing of fluorescence. It allows for non-destructive measurements of chlorophyll content, N/C ratio, or leaf area index [13] . Fluorescence techniques in agricultural vehicles are still barely in use. Reasons for that are a lower surface capture and the need of a close distance to the crop canopy, accompanied by leaf excitation always with the same amount of light energy and the absence of background noise (e.g., of the soil) [14] . Other available field-based fluorescence measurements (e.g., high-resolution spectroradiometers [15] or hyperspectral line scanners [10] ) do not have the requirements of being very close to the canopy or exposing the plants to active excitation (sun-induced fluorescence). Their suitability for fluorescence measurements is still in discussion, and is not a subject in this publication, which will focus on using active techniques to measure chlorophyll fluorescence.
This publication compares the data of two spectrometers and one fluorescence sensor from investigations in agricultural fields. It aims to answer the questions:
• Which sensors have been the most useful in regards to practical field handling? • Which indices are statistically significant for assessments of the N treatments? • Which fluorescence and spectroscopy indices can be used to estimate the wheat yield at an early development stage; i.e., what kind of index combination can derive a more exact yield prediction?
Materials and Methods

Experimental Site
The field trials were conducted at the research station Ihinger Hof, Renningen (Germany), an institution of the University of Hohenheim, Stuttgart (Germany). The site Ihinger Hof (N 48°44'41", E 8°55'26") has a mean annual precipitation of 690 mm and a mean temperature of 7.9°C. From 2010 to 2012, the measurements were carried out in winter wheat (Triticum aestivum L., cv. Toras) on the experimental fields "Inneres Taele" (IT) and "Lammwirt" (LW). Due to crop rotation aspects, the N sensing field trial was continued on field IT in the second growing season. These two fields have a high natural field variability, with soil types reaching from pure clay to silty loam. The EM38 is an instrument for near-surface soil conductivity survey measurements, and measured values of 52-86 millisiemens (mS). Figure 1 shows the experimental field design. The experimental fields were divided into several plots of 36 × 36 m, each plot separately into 36 × 12 m strips. The randomized N amounts ranged from 60 to 180 kg N ha −1 in five levels (N1 to N5), beside an N dosage of 170 kg N ha −1 (K). Variant K represents the N dosage that is usually applied on this farm. The total N amount was split into three applications over the early growing period. The first and second times, the fertilizer was applied in the tillering stage, and the third time took place between stem elongation and booting stages (Zadoks-scale) [16, 17] . The first N dosage was applied equally over the whole field. The second and third passages were carried out as variable N applications to achieve the planned final N amounts for each plot. Each N treatment was applied with a pneumatic fertilizer spreader and a tractor with an automatic steering system and GPS-RTK precision (approx. ±2.5 cm). Soil samples of all strips were taken in spring, before crop growth continued, and again after harvesting the research fields. The soil samples were analyzed to determine the available nitrogen in the soil (N min -method) for three soil depths: (1) 0-30 cm; (2) 30-60 cm; and (3) 60-90 cm. Biomass samples over the whole field were collected at three growing stages: (1) stem elongation; (2) flowering; and (3) right before harvest. In a laboratory, these biomass samples were dried and analyzed regarding the number of grains per ear, the number of tillers, the protein content, and the biomass weight. The yield data were gathered by a standard New Holland combine with a header of 6 m cutting width.
Sensor Set-Up
The measurements have been derived with three sensors: (i) FieldSpec Handheld (Analytical Spectral Devices, Boulder, CO, USA); (ii) HandySpec Field (tec5 AG, Oberursel, Germany); and (iii) Multiplex Research ™ (Force-A, Orsay, France) ( Table 1) . They were mounted on the self-propelled sensor platform "Sensicle", a rebuilt Hege 76 multi-equipment carrier (Wintersteiger AG, Ried, Austria) ( Figure 2 ) driven by the author. The three sensors were used in a three-year field experiment with randomized N replications (Figure 1 ). 
Spectrometry
The FieldSpec Handheld used in this research set up has a spectral range from 325 to 1075 nm with a 1 nm wavelength accuracy and a field of view of 25°. It was mounted at a height of 200 cm above canopy, resulting in a measuring surface of 2.74 m 2 . The reflectance was calculated based on an additional measurement of a given white standard (BaSO 4 ). The HandySpec Field has a spectral range from 360 to 1000 nm with a 10 nm accuracy and a field of view of 25°. It was mounted at a height of 80 cm above canopy with a measuring surface of 0.44 m 2 . The integration time was set to automatic mode, and varied between 25 ms and 128 ms. Before starting each measurement series, a spectralon plate was used for white calibration purposes with both devices. A white standard is used to optimize the two spectrometers to the current illumination. Both spectrometers are passive sensors. From the raw data of these spectrometers, several vegetation indices were calculated to be used for the crop status analysis. In the following, R denotes the reflectance, the sub-index the wavelength in nm. The simple ratio CropSpec can be used to measure the site-specific N nutrition status of crops [18] [19] [20] . The normalized difference vegetation index (NDVI) is an indicator of greenness and a transformation of the infrared-red indices. The higher the value of the NDVI, the greener the foliage [21] [22] [23] . Furthermore, the NDVI correlates mainly with absorbed photosynthetic active radiation [24] . The hyperspectral vegetation index (HVI) has been used based on a previous study with the same FieldSpec HandHeld sensor [25] . It is a modified index for analyzing satellite spectral data [26] . The optimized soil-adjusted vegetation index (OSAVI) is a derivative of the soil-adjusted vegetation index (SAVI), and minimizes soil brightness influences from spectral vegetation indices involving red and near-infrared wavelengths [27, 28] . The factor L varies between 0 and 1. As foliage density increases, the selected value of L must decrease. [29, 30] . The red-edge inflection point (REIP) is a strong indicator of the chlorophyll content [31] [32] [33] . The higher the value of the REIP, the better the chlorophyll status [34] .
Fluorescence
Fernandez-Jaramillo et al. [35] have reviewed chlorophyll fluorescence sensing methods, concluding in the broad application area; e.g., for the detection of environmental impacts, as well as the need for an embedded sensor system to reduce measurement efforts. The used fluorescence sensor Multiplex Research ™ is a mobile embedded sensor. It was fixed on the "Sensicle" such that the opening was always touching the canopy surface. So, while driving, the plants passed directly within the 8 cm diameter (50 cm 2 ) opening of the sensor, in a defined distance to its detection zone. The fluorometer was set to continuous measurement mode. It records twelve fluorescence signals and calculates chosen ratios [36] . Each fluorescence signal value contained the mean of 125 single measurements. Several light-emitting diodes (LEDs) at 375 nm UV-A (UV), 530 nm green (G), and 630 nm red (R) are used as light source to excite the crops. The Multiplex sensor is insensitive to ambient light, as the LED sources are pulsed and synchronized to the detection [37] . In comparison to the calculated vegetation indices of spectrometers, the three synchronized detectors of this fluorescence sensor record the ratios based on fluorescence emission at blue-green (BGF), red (RF) and far-red (FRF). The following indices of the sensor have been used: chlorophyll fluorescence excitation ratio (FER), linked to shielding of leaves by polyphenolics and flavonols; nitrogen balance index (NBI), linked to epidermal phenolics and chlorophyll contents; simple fluorescence or chlorophyll ratio (SFR), linked to the chlorophyll content; and FERARI and flavonol index (FLAV) as logarithms of FRF and FER. The subindex denotes the wavelength excitation of the LEDs.
More detailed information about the Multiplex Research ™ sensor, the fluorescence technology, and the fluorescence indices is available in Cerovic et al. [38] and Ben Ghozlen et al. [7] .
Data Analysis
For calculation of the indices from the raw sensor values, the R packages hyperSpec [39] and ggplot2 [40] have been used. Statistical analysis procedures of linear and polynomial regressions, as well as an analysis of variance (ANOVA) were applied to the indices of the spectrometers and the fluorometer to distinguish between the N treatments, measurement dates, yield, available N, and the N uptake of the biomass. The focus is on sensor comparison.
Results
The following will present the results of the field investigations carried out in the years 2010, 2011, and 2012 at the research station Ihinger Hof, Renningen (Germany).
Three sensors were used in the three seasons of field research. Each sensor had to be connected or handled in a different manner, in order to be able to gather valuable data (see Table 2 ). 
Field Conditions
The average growth of the wheat plants over the three years of field trials can be seen below (Figure 3) , represented in the international growing stages scale (Zadoks-scale) [16, 17] . From a plant development perspective, each year the stem elongation started half a month earlier than the previous year. The growing conditions over the three years of field trials were very similar, with sufficient rainfall and no period of drought. Table 3 shows the mean yield data as well as the protein content of the three experimental years. In 2010, the experimental field Inneres Taele (IT) showed a higher field variability in terms of crop density and soil type than the experimental field Lammwirt (LW) in 2010 and 2012. Furthermore, the increase in the average yield and protein content in the IT field in 2011 did not vary as much between the different N treatments as for the LW field in 2010 and 2012. This can be seen in the mean yield data of field IT in 2011, especially for the treatment area with 60 kg N ha −1 .
For all replications, the yield had its maximum at 170 kg N ha −1 . The protein content for the years 2010 and 2011 increased over all N replications from 60 to 180 kg N ha −1 . Less protein was metabolized in the year 2012 in the LW field in the plots with 180 kg N ha −1 .
The following two subsections refer specifically to the example of the data of investigation year three (2012) from the LW research field. 
Regression Analysis
A data analysis with a high temporal and spectral resolution results in better insight and higher significance levels. Figure 4 represents the NDVI value in correlation to the wheat yield, split by measurement dates and nitrogen amounts.
• The further the wheat plants were developed, the more precise these indices were, and the better they could predict "Yield" or "N Uptake"; meanwhile, the prediction for "Available N" remained low. 
Data Validation
The ground truth data have been added to each data set of the different measurement dates. Each data set has been intensively statistically analyzed to find the highest correlations for each field parameter. Table 4 Model 1: The models show the ability of the sensor indices to predict grain yield towards the harvested grain yield over all N levels of the research field LW.
Discussion
The field plots with a total applied nitrogen amount of 60 and 90 kg N ha −1 had a similar grain yield and grain protein content (Table 3) . Regarding yield, it was obvious that the additional 10 kg of N from 170 to 180 kg N ha −1 had no effect on the grain quantity or quality. Besides the artificially-designed heterogeneity, the climatic conditions during the growing periods may have added to this effect [41] .
Comparing the yield of field LW in 2010 and 2012 showed a 40% yield increase over all N varieties in 2012, hence it had a similar high yield level as field IT in 2011. The reason for the high yield in the IT research field can be explained by the previous crop in 2010, which was grain maize. Maize demands a high nitrogen supply, which may result in higher N residues in the soil at the end of the growing season. Consequently, the cultivated crop in the following year also has a higher N availability. Zhang et al. [41] investigated the important role of the crop rotation in the soil nutrient residues available to the following crop season. On both fields, maize was planted the year before. The effect of the available amount of nitrogen in the soil (N min ) from previous crops was not investigated further, as for example done by Sidhu and Beri [42] over the course of five years.
The sensor platform "Sensicle" (Figure 2 ) offers very good possibilities to take measurements with various sensors at the same time. After one season, a huge set of data was available. The correlations between all fluorescence and spectrometer indices and the ground truth data have been analyzed.
The most significant NDVI values-gathered with the mounted spectrometer FieldSpec-occurred in the stem elongation stage at the end of May (Figure 4) . The lowest significance levels were in the stage of ripening, where chlorophyll is very low in the wheat plants. This identifies the NDVI once more as an index which is highly sensitive to chlorophyll (e.g., [43, 44] ). This high resolution in the analysis in terms of the splitting of the measurement dates and the N levels shows the highest correlations for NDVI and yield with r 2 values of 0.63-0.95 in the N level plots between 120 and 170 kg N ha −1 . For the plots with the lowest amount of N (60 kg N ha −1 ), except for the two measurements in June, the correlations are low with a maximum r 2 of 0.43. In the early growing stages until mid-May, these plots showed bare patches, uneven crop development, and consequently resulted in high background noise of the soil with significantly varying reflectance data. These effects in the early growing stages are also valid for the statistical analysis of Figures 5 and 6 . After a closed canopy surface, the spectrometer indices (CropSpec, NDVI, OSAVI, and REIP) showed increasing values in correlation to "Yield", "Available N", and the "N uptake". For 2012, the HandySpec sensor detected a continuous increasing correlation with the ground truth data "Yield" and "Available N". Haboudane et al. [30] found that the OSAVI index is very sensitive to chlorophyll and is very resistant to LAI and illumination. In the field trials, OSAVI showed a similar pattern to NDVI and CropSpec index (Figures 5 and 6 ). The CropSpec index-developed by Reusch et al. [18] and integrated into a commercially available sensor for agricultural usage-correlated highly at the early growing stage with "Yield" and "Available N", and continued its performance until plant ripening started. The REIP index showed high correlations-especially in June and July, where the chlorophyll content was high.
In the early crop season, the REIP index was in a similar r 2 value range, from 0.4 to 0.5, as the NDVI.
All presented indices show their saturation at full crop development at the end of June, and the REIP index for "Available N" and "N uptake" even at an earlier stage. For the "N uptake" of the plant, analyzed in the laboratory, the spectrometer indices correlated only on a low level with r 2 between 0.1 and 0.55, having a maximum with NDVI at 0.63 in mid-May.
The strength of fluorescence measurements is their ability to sense information that cannot be sensed in other ways (e.g., how environmental stresses have damaged the photosynthetic apparatus) [45] . The analysis of the Multiplex fluorescence sensor data reveal better correlations to the ground truth data, as can be seen in Figure 7 . Fluorescence techniques have been applied for nutrition detection purposes in agriculture for some years. Buschmann et al. [46] Due to these high correlations, the authors developed equations with the NBI R , FERARI, and FLAV indices of the Multiplex sensor and the CropSpec and HVI indices of the FieldSpec Handheld sensor, in order to enable a good yield prediction (Table 4 ). The combination of three fluorescence indices in a linear model showed the highest performance in the investigated field data set. The high correlation clearly shows the advantage of a good prediction capability for a sensor with active light emission and a close contact with the crop canopy. Combining two spectrometer indices together with a fluorescence signal also resulted in high correlations with r 2 values of 0.5-0.8 for the main growing season. Based on the equations, two sensors-or even more units in a row could be connected to work together as a fertilizer spreading system in the field for the early and main growing season of wheat.
Conclusions
The results of this paper have been obtained from trials conducted in the agricultural fields of a university research station, which has been integrated into the production cycle. Therefore, the data analysis may show a higher variability than data gathered in pot experiments or defined greenhouse conditions. The aim was to gain experience for the used sensors in real-time conditions, as well as to check and verify their usability for agricultural farm vehicles later on.
Out of the three used sensors on the Sensicle vehicle platform, the FieldSpec HandHeld spectrometer was the most complex (Table 2 ). In the version used, the required software was only compatible with a PC with Windows NT operating system. The sensor had to be connected to a computer via a serial cable, which was not necessary for the other two sensors used. Due to the necessary white reference measurements in changing illumination conditions, continuous measurements required stops for calibration. The FieldSpec HandHeld and the HandySpec Field spectrometers in their current hardware configuration are not usable on conventional farm equipment. Furthermore, their field of view is too low, considering the working widths of modern fertilizer spreaders between 12 and 40 m. Regarding usability and mobility, the Multiplex Research ™ fluorescence sensor is more convenient for larger field measurement areas. The fluorescence sensor required only one calibration measurement at the beginning and only had to be mounted at canopy height. Then, the measurement could be set up continuously. This will allow-with several sensors over the whole working width-a useful integration into an application system containing a tractor and an implement. Both spectrometers require a high knowledge about their usage, the data processing, and decision making. For an average farm, this may be too much time, and would require a dedicated data specialist for integration into the field applications as well as the import of the work order by the machines.
The spectrometers and fluorescence sensor gathered better data over a closed crop canopy. Regarding the fertilizer application, the early development stages are the important ones to support a good crop development and a high yield potential. An active light source enables continuous and longer measurements, especially as the illumination in field conditions often changes. The NDVI was highly correlated with the wheat yield for the N variants between 120 and 170 kg ha −1 until end of May, where the chlorophyll content was very high. This effect is and has been used in the first sensor systems for fertilizer applications. The OSAVI and CropSpec indices have a similar result pattern to NDVI. They are used in modern agricultural sensors (e.g., with active light sources). For the fluorescence sensing, the FERARI index and the SFR index had a high correlation level with the measured yield. These two indices, as well as FRF, reached a saturation in June. In the linear model, the combination of three fluorescence indices as well as the combination of two spectrometer signals and one fluorescence signal are a promising method for wheat yield prediction. The objectives of this study were met. The sensors, ground truth data, and prediction models will be further investigated.
The necessary fast processing units for converting the algorithms into decisions-being the basis for a spreader or a sprayer-are additional efforts that must be developed in order to have these or other new sensors available for use on farms. Currently, a great deal of expertise is still necessary to use the sensors correctly. (1) Calibration measurement(s) may be required (e.g., at changing illumination); (2) Export of the data from the sensor and importing them into software; (3) Connecting the sensor to a RTK-GPS system or ground referencing the data set afterwards; (4) Analyzing the data; and (5) Deriving decisions (e.g., for the next growing season and the fertilizer applications). Further field tests and the implementation into existing board computers of agricultural vehicles (e.g., via the ISO 11783 (ISOBUS) standard) are required to make these sensors a success in farming.
